ABSTRACT. In view of the predicted models of global climate change and differences in prices and production costs, there is increased interest in Coffea canephora cultivation in areas of high altitude. However, this species is sensitive to low temperatures, where genotypes vary regarding adaptation/tolerance mechanisms, demonstrating genotype x environment interaction. The aim of this study was to evaluate the stability and adaptability of C. canephora varieties in high-altitude areas. The experiments were carried out in February 2004, in Bom Jesus do Itabapoana, Rio de Janeiro State, Brazil, at an altitude of 725 m. Four clonal varieties (EMCAPA 8111, EMCAPA 8121, EMCAPA 8131, and EMCAPA 8151) and five harvests (2006 to 2010) were used. The experimental design was randomized blocks with four treatments and six plots, with 12 plants in each plot and spaced 2.5 x 1.2 m. Adaptability and stability parameters were determined using methods based on nonparametric analysis and analysis of variance. The results showed that the EMCAPA 8131 had the best performance according to stability and adaptability parameters and may be promising for high-altitude regions.
INTRODUCTION
In recent years, global consumption of Coffea canephora has been increasing at the rate of 3.25% per year versus 2.58% for C. arabica, and moreover, price indicators of C. canephora have increased, while being reduced for C. arabica (IOC, 2014) . Still, according to the latest report of the Intergovernmental Panel on Climate Change (IPCC) of 2014, global temperature is predicted to increase by 3.7° to 4.8°C by 2100, and in this scenario, C. canephora cultivation may increase. Assad et al. (2004) analyzed the impact of climate change on C. arabica in the São Paulo, Minas Gerais, Paraná, and Goiás states and observed that an increase of 1° to 3°C already causes reductions in the suitable area for cultivation in these regions, if genetic characteristics are maintained. In this context, C. canephora cultivation in these areas could be presented as an option for the farmer.
Generally, C. canephora shows satisfactory growth rates when grown in areas where the minimum temperature is above 17°C and the maximum is less than 34°C (Partelli et al., 2013) . When grown in areas with low temperatures, it shows a drop in net photosynthetic rate and lower photosystem II efficiency (Partelli et al, 2009 ). However, when exposed to low temperatures gradually, C. canephora has defense/acclimation mechanisms that may enable adjustments to these conditions with different capabilities among cultivars (Ramalho et al., 2014) .
Coffee regions have different climatic conditions, and the responses of cultivars differ in different environments due to genotype x environment interaction (Cucolotto et al., 2007) . Methods classifying genotypes according to their stability and adaptability are more suitable to study this interaction in a greater number of environments (Regitano Neto et al., 2013) , and thus increase the reliability of the recommendations.
Models that evaluate adaptability and stability have been applied to coffee (Corrêa et al., 2006; Botelho et al., 2010; Nascimento et al., 2010; Rodrigues et al., 2013) . However, they have not been applied to C. canephora in areas of high altitude for the selection of genotypes with favorable agronomic characteristics (mostly grain yield) for these conditions. Adaptability shows the ability of genotypes to respond to environment stimulus, and stability refers to the ability of genotypes to show highly predictable performance against environmental changes (Regazzi and Cruz, 1997) .
Various methods are available for the analysis of adaptability and stability. The method proposed by Eberhart and Russell (1966) uses simple linear regression, where the dependent variable (usually grain yield) is expressed in terms of an environmental index that measures the quality of environments assessed, or based on nonparametric statistics (Lin and Binns, 1988) . Other methods as proposed by Plaisted and Peterson (1959) and Annicchiarico (1992) based on analysis of variance to estimate the adaptability and stability parameters may have low accuracy (Cruz, 2013) , but may be easy to interpret and can be applied with a smaller number of environments (Cargnelutti Filho et al., 2007) .
Thus, the aim of this study was to estimate the stability and adaptability parameters for grain yield of C. canephora in areas of high altitude by different statistical methods. The experimental design was randomized blocks, with six plots, and 12 plants in each plot and spaced 2.5 x 1.2 m. Before planting, the analysis and correction of soil pH and fertilizing was performed. The seedlings of four varieties were six months old when planted, having been grown from seeds and cuttings of orthotropic shoots.
MATERIAL AND METHODS
The harvest of 2006, 2007, 2008, 2009, and 2010 were performed between May and July, according to the maturity time of each variety. The volume of coffee cherries harvested was transformed to bags/ha using the scale of 320 L coffee cherries per 60 kg sack, accounting for grain yield.
Methods based on nonparametric analysis (Lins and Binns, 1988; Kuang, 1988 ) and analyses of variance (Plaisted and Peterson, 1959; Eberhart and Russell, 1966; Annicchiarico, 1992) to obtain stability and adaptability parameters were used. The environment was represented by the grain yield in different harvests.
The Lin and Binns (1988) method estimates the stability and adaptability of behavior in a single parameter, Pi, which is estimated by Equation 1:
where X ij is the grain yield of the cultivar i in environment j, Mj is the maximal response observed among all cultivars in environment j, and n is the number of environment. Thus, varieties with lower Pi value have more adaptability and stability. The method proposed by Plaisted and Peterson (1959) quantifies the relative contribution of each genotype for genotype x environment interaction and identifies those with best stability, obtained by Equation 2:
is the squared Euclidean distance between genotypes i and i', and based on the behavior of these in environment a; therefore: Thus, it is estimated that:
and Accordingly, the relative contribution of each cultivar for interaction is estimated by expression 6:
Using the method of Kuang (1988) , we proceeded with the ranking of varieties in ascending order based on the estimators i obtained according to Plaisted and Peterson (1959) . The following varieties were classified in descending order based on average grain yield. The values of each classification were then summed, obtaining the sum of the ranking, where the summed lower values were described as the most stable and productive varieties.
The Eberhart and Russell (1966) method is based on the following linear regression model:
where Y ij is the average grain yield of cultivar i in environment j, β oi equals the overall average grain yield of cultivar i, β1 i corresponds to the linear regression coefficient, whose estimate is the cultivar response i to environment variation j, and Ij is the environmental index encoded. The deviations from the regression are represented by δ ij , and ε ij is the average experimental error. Varieties with β1 i = 1 have general adaptability, and β1 i > 1 and β1 i < 1 show specific adaptability to favorable and unfavorable environments, respectively. The stable varieties exhibit no significant regression deviations, since this estimate is related to the prediction of variety in relation to the linear regression model.
The stability parameter according to the Annicchiarico (1992) method is given by Equation 8:
( Equation 8) where ω i is the confidence index (%), μ i is the average percentage of variety i, I is the percentile (1 -α) of the cumulative normal distribution function, and S i is the standard deviation of the percentage values. Varieties with higher ω i have less chance of being indicated. The simi-Evaluation of conilon coffee genotypes larity between varieties in relation to methods was calculated by the coincidence index (CI), where CI = I/N, with I beginning with the number of times that the variety appears in the same position in the ranking for the different methods and N being the total number of methods. The adaptability and stability parameters were obtained by the Genes software (Cruz, 2013) .
RESULTS AND DISCUSSION
The residual mean squares (Table 1) obtained from the analyses of individual variance (by environment) for grain yield (kg/ha) showed a ratio of the highest to the lowest values of 11.375, allowing the inclusion of all environments in the analysis of variance (Regazzi and Cruz, 1997) . According to the combined analysis of variance (Table 2) , the varieties, environments (grain yield) and varieties x environment interactions showed a significant effect, justifying the use of methods that rank the varieties according to adaptability and stability. The high significance of the environments was probably related to coffee biannuality, which is attributed to the depletion of reserves of the plants in years with high grain yields, decreasing the following production due to a decreased growth of primary branches (DaMatta et al., 2007) . * and **Significant at 1 and 5% probability, respectively.
Average grain yield and stability parameter (general Pi) based on nonparametric analysis according to Lin and Binns (1988) , as well as the decomposition of parameters, are presented in Table 3 . Generally, the smaller the Pi value, the lower the deviation will be in relation to the maximum grain yield for each environment. Thus, stability is necessarily related to higher grain yield (Daher et al., 2003) . Thus, it is possible to observe that the best variety was EMCAPA 8131, followed by EMCAPA 8121, EMCAPA 8151, and EMCAPA 8111.
Pi decomposition in favorable and unfavorable environment improves this method (Carneiro, 1998) . The decomposition of the stability parameter proposed by Lin and Binns (1988) in part due to favorable environments (those with higher average than the overall average) and unfavorable environments (whose averages are below the overall average), allows the understanding of the response of genotypes to changes in ambient conditions. In the favorable environment, the ranking of the best were EMCAPA 8131, 8151, 8121, and 8111, and in the unfavorable environment, they were EMCAPA 8131, 8121, 8151, and 8111 (Table 3) . Considering the Pi estimates together, it can be observed that EMCAPA 8131 stood out, which also had a better average grain yield as the method provided. Means followed by the same letter do not differ by the Tukey test at 5% probability.
According to the Plaisted and Peterson (1959) method, the more stable varieties were, in ascending order, EMCAPA 8121, 8151, 8131, and 8111 (Table 4) . However, it can be observed that the variety that produced the most, i.e., EMCAPA 8131 (Table 3) , did not show a suitable stability value. This fact was observed by Vilhegas et al. (2001) working with corn genotypes and Daher et al. (2003) working with Pennisetum purpureum Schum genotypes. According to Cargnelutti Filho et al. (2007) , cultivars indicated by the Plaisted and Peterson (1959) method are associated with greater stability apart from average grain yield and adaptability to favorable and unfavorable environments.
To improve the interpretation of the parameters of the Plaisted and Peterson (1959) method, since it is based on the analysis of variance and thus cannot highlight the most promising varieties, Kuang (1988) developed a method to distinguish stable and productive varieties. The varieties that show the lowest sum of the estimator ѳ i (%) (ascending order) and the average (descending order) were the most indicated, presenting itself as more stable and productive. Thus, the best varieties in order of increasing magnitude were EMCAPA 8121, 8131, 8151, and 8111 (Table 5) . Table 5 . Estimates of the stability parameter obtained by Kuang (1988) methodology, based on the ѳ i scoring of Plaisted and Peterson (1959) methodology and the average grain yield for four Coffea canephora varieties assessed in five harvests in areas of high altitude in the Rio de Janeiro State, Brazil.
The ranking obtained with the Kuang (1988) method showed similarity with that obtained by the Lin and Binns (1988) method, changing the positions of varieties EMCAPA 8131 and EMCAPA 8121. Vilhegas et al. (2001) observed that the Lin and Binns (1988) and Kuang (1988) methods pointed to the same maize genotype, while Daher et al. (2003) observed that the methods pointed to different genotypes of P. purpureum. This may be due to the number of genotypes, since the latter authors worked with a larger number of genotypes.
With the Eberhart and Russell (1966) method, the ideal cultivar was the one with high productivity, high adaptability (β1 i = 1) and good stability (σ 2 di = 0). In this study, cultivars with specific adaptability to favorable (β1 i > 1) or unfavorable (β1 i <1) environments were not recommended, since the varieties showed no overall adaptability (Bl i was highly significant for all varieties). Thus, EMCAPA 8131 and 8151 varieties showed specific adaptation to favorable environments, with EMCAPA 8131 showing the highest value and EMCAPA 8111 and 8121 varieties displaying specific adaptations to unfavorable environments and EMCAPA 8111 showing the lowest value (Table 6 ). Regarding stability, the varieties did not show good stability with highly significant deviations, which was probably related to coffee biannuality. Table 6 . Estimates of adaptability and stability parameters obtained by Eberhart and Russell (1966) methodology for grain yield (bags of 60 kg/ha), assessed in four Coffea canephora varieties in five harvests in areas of high altitude in the Rio de Janeiro State, Brazil.
* and **Significant at 1 and 5% probability respectively by the t-test (Ho: β1i = 1.0) and F test (Ho: � = 0).
The Annicchiarico (1992) method estimates the confidence index, i.e., the probability of success or failure of a variety, associated with a significance level (α). Thus, the EMCAPA 8131 and 8121 varieties showed the highest potential yield, with a 75% confidence level, where they were respectively capable of a yield of 41.13 and 1.14% higher than the environmental average. On the other hand, EMCAPA 8111 and 8151 showed, with a 75% confidence level, the lowest potential yield, where they were only capable of a yield of 41.85 and 21.95% lower than the environmental average, respectively, and therefore not recommended for planting according to this method (Table 7) . Botelho et al. (2010) observed the highest confidence index in the most productive arabica coffee genotypes in three regions of Minas Gerais State, Brazil.
There was consistency between the methods of Lin and Binns (1988) , based on nonparametric statistics, and Annicchiarico (1992) , based on the analyses of variance, in the classification of the best genotypes (EMCAPA 8131 and 8121) for both the adaptability and stability parameters and best average grain yield (Table 8) . The EMCAPA 8131 variety was selected as the best among all, in three of the five methods studied, showing a CI of 60%, followed by EMCAPA 8121, which showed a CI of 40% for both the first and second position in the ranking. The EMCAPA 8111 variety showed the worst performance in all methods with a CI of 100% in the last position in the ranking. Under low-temperature conditions, clone 02 (early ripening) of the EMCAPA 8111 variety was less tolerant compared to clone 153 (late ripening) of the EMCAPA 8131 variety in relation to photosynthetic rate, chlorophyll fluorescence and zeaxanthin cycle (Partelli et al., 2009) . Clone 02 was more efficient in the lipid classes and fatty acid composition (ScottiCampos et al., 2014) . This fact confirms the trend found in this study, where the late ripening clone group was often more productive under low temperature conditions, compared to early ripening clones. It is also noteworthy that C. arabica was better than C. canephora in practically all physiological and biochemical characteristics when subjected to low temperatures (Partelli et al., 2009; Scotti-Campos et al., 2014 , Ramalho et al., 2014 .
According to Cargnelutti Filho et al. (2007) , genotypes with high productivity and associated with high instability and adapted to favorable environments are indicated by the Lin and Binns (1988) method modified by Carneiro (1998) and Annicchiarico (1992) . Corrêa et al. (2006) also observed that these two methods pointed to the same Icatú genotypes cultivated in two regions in Minas Gerais. The Kuang (1987) method showed a tendency towards this same behavior. On the other hand, Eberhart and Russell (1966) and Plaisted and Peterson (1959) methods showed similarities in classifying the most productive genotypes in less stable varieties (Table 8 ).
The Eberhart and Russell (1966) and Lin and Binns (1988) methods were poorly correlated, and the use of these have involved only additional information with different approaches to the stability and adaptability studies (Silva and Duarte, 2006) .
The Lins and Binns method has the advantage of classifying more stable and more productive varieties, since this method combines stability with the ability of varieties to show the smallest deviation in relation to maximum, in all study environments (Melo et al., 2007) .
It is worth mentioning that the different performance between varieties probably involves genetic factors, which can influence the defense/adaptation mechanisms, since there is divergence between the clones (Fonseca et al., 2006) . These factors, interacting with the environment are also related to ripening time.
Regarding ripening time, Partelli et al. (2009) observed in C. canephora clones a higher CO 2 assimilation rate and increased respiratory activity and starch accumulation in late ripening (clone 153) compared with early ripening (clone 02), when subjected to low temperatures.
Stored carbohydrates are important sources of energy and metabolic compounds that are used during plant development, especially in times that require rapid vegetative and reproductive growth (Silva et al., 2004a) . Thus, C. canephora clones that have higher amounts of stored starches and respiratory enzyme activity may have a better ability to sustain the flowering process, after the harvest period, since it is a process that requires a lot of energy (Chaves Filho and Oliveira, 2008) , and probably result in higher grain yield. In the study area of this research, the temperature in the winter period (prior to flowering), is still below that considered optimal for this species (Partelli et al., 2013) , which could help to understand the factors that contributed to the better performance of the EMCAPA 8131 variety, late ripening, compared to medium and early ripening clones.
Regarding variety recommendation, the EMCAPA 8131 variety had average productivity close to C. arabica planted more in the region, designated Catuaí Vermelho144 (52 bags/ ha), in research done in the same region of this study, with spacing of 2.5 x 1.0 m (Andrade et al., 2014) . Moreover, in areas of higher altitudes, it is observed that coffee takes longer to complete its cycle which may contribute to increased quality of the grains (Silva et al., 2004b) . Nevertheless, it is noteworthy that other studies related to management with the application of pruning and applying optimal densities, among other characteristics must be performed to reduce the biannual effect and thereby improve stability across harvests and regions to ensure the viability of this promising variety in high-altitude areas.
CONCLUSIONS
The EMCAPA 8131 variety showed the best stability and adaptability parameters of performance of grain yield over years, thus being promising for cultivation in areas of high altitude.
